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Zircon U–Pb ages and Hf isotopic composition of Mesozoic intrusive rocks from the Yidun terrane were
systematically investigated in order to decipher the geodynamic setting of magmatism and their relation-
ship with Cu-polymetallic mineralization in the Eastern Tibetan Plateau. Zircon U–Pb dating results on
seven granitoid rocks and four diorite samples indicate that the Mesozoic plutons from the Yidun terrane
were emplaced in the period of 224–214 Ma with a peak at 216 Ma. Zircon Hf isotopic compositions
show that these intrusive rocks were derived from different source regions. The dioritic porphyries with
the formation ages of 216 Ma in the Zhongdian area of the southern Yidun terrane, together with the
granodiorite of 216 Ma from the Maxionggou batholith, originated from the remelting of the late Mes-
oproterozoic (1.2 Ga) juvenile continental lower crust, whereas most granitic rocks were derived from
the reworking of the early Mesoproterozoic (1.6 to 1.5 Ga) middle-lower crust. Our results, together
with previous data, indicate that the collision between the Yidun and Songpan–Ganzi terranes and sub-
sequent orogeny had been completed by the middle Triassic. A post-orogenic collapse model is proposed
for the Meosozoic magmatism and related Cu-polymetallic mineralization in the Yidun terrane.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
The Eastern Tibet Plateau is a collage of several blocks or micro-
plates (terranes), including the Songpan–Ganzi, Yidun, Qiangtang
and Eastern Lhasa terranes, where numerous important geological
records related to the evolution of the Eastern Paleo-Tethys have
been well established (Lu et al., 1993; Wang et al., 2000; Pan
et al., 2003). It is also a key metallogenic district, also named as
the Tethys metallogenic domain in West China (Pan et al., 2003;
Hou et al., 2011; and references therein), in which many econom-
ically important Cu-polymetallic ore deposits have been discov-
ered, such as the Yulong and Zhongdian porphyry Cu ore
deposits (Hou et al., 2001, 2003, 2007; Liang et al., 2009; Wang
et al., 2011; Leng et al., 2012), and the Gachun and Luchun volca-
nogenic massive sulﬁde (VMS) ore deposits (Hou et al., 1995,
2001, 2003; Wang et al., 2001, 2002; Pan et al., 2003). Most of
these deposits are spatially associated with, and are considered
to be genetically related to the Middle–Late Triassic igneous rocks(e.g., Hou et al., 2001, 2007; Pan et al., 2003; Wang et al., 2011;
Leng et al., 2012), Moreover, many of the ore-bearing igneous rocks
in the area are porphyries with adakitic characteristics (Wang
et al., 2011; Leng et al., 2012). But, recent investigation (Wang
et al., 2011) and our observation in the area demonstrate that some
adakitic rocks do not host Cu-polymetallic mineralization. It is not
clear why some adakites are ore-bearing whereas others are not,
especially for these distributed in the same region and with similar
formation ages. Hence, a key issue is to decode the correlation
between the magmatism and their mineralization, particularly
the origin of the porphyry Cu-polymetallic mineralization and its
host rocks (Sajona and Maury, 1998; Sun et al., 2004, 2011,
2012; Richards and Kerrich, 2007).
In the Yidun terrane, different styles of Middle–Late Triassic
large Cu-polymetallic ore deposits have been established, such as
the large Gacun VMS deposits that are hosted by Triassic marine
calc-alkaline rhyolitic piles associated with basalts, with a mineral-
ization age of 217 Ma (Re–Os isotope dating of sulﬁde ores; Hou
et al., 2003), and the Xuejiping and Pulang porphyry Cu ore depos-
its with a mineralization age of 219.9 ± 0.7 Ma (Leng et al., 2012)
and 213.0 ± 3.8 Ma (Zeng et al., 2006) based on Re–Os isotope
dating of molybdenite. Another interesting feature is that several
huge granitic batholiths with similar emplacement ages to the
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accounting for 20% exposure area (Fig. 1; SCBGMR, 1981; Hou
et al., 2004b; Reid et al., 2005, 2007). Importantly, no metallic min-
eralization has been discovered in these granitic rocks so far. The
spatial, temporal, petrogenetic and origin relationships between
the ore-bearing and ore-barren magmatic rocks and the hosted
mineralization are still unclear.
In addition, further observation shows that a large volume of
coeval (Late Triassic) granitoids is also present in the area to the
east of the Ganzi–Litang Suture, and indeed across the whole Song-
pan–Ganzi terrane (Fig. 2; Roger et al., 2004; Zhang et al., 2006,
2007; Xiao et al., 2007; Zhao, 2007; Yuan et al., 2010). To date,
no similar metallic ore deposits to those in the Eastern Yidun ter-
rane have been discovered in these granitic rocks. Such synchro-
nous development of granitic magmatism in the two sides of theFig. 1. (a) Tectonic framework of the Sanjiang Tethyan Domain (modiﬁed from Hou et al
et al. (2007) and Reid et al. (2007)). CAOB: the central Asia orogenic belt; SGT: Songpa
Nujiang suture; XGF: Xiangcheng–Geza fault; XHF: Xianshui He fault; DB: Dongcuo batGanzi–Litang suture reﬂects a common geodynamic setting for
their generation in that time. Accordingly, a comparison of their
origin and rock-forming tectonic environment between the ore-
bearing and ore-barren magmatic rocks will shed a new light on
the mechanism of the ore mineralization and provide a constraint
on the closure timing of the Ganzi-Litang Ocean.
In this contribution, we analyzed zircon U–Pb ages and Hf iso-
topic compositions of the Mesozoic intrusive rocks in the Yidun
terrane, Eastern Tibetan Plateau. These data, combined with previ-
ous data, allow us to (1) constrain the space–time pattern of the
Late Triassic granitic magmatism; (2) provide insights into their
petrogenesis, source characteristics and possible basement; (3)
evaluate the correlation between the granitic magmatism and
the Cu-porphyry mineralization; and (4) decode the geodynamic
setting and mechanism for the Late Triassic magmatism and. (2007)) and (b) the sketch geological map of the Yidun terrane (modiﬁed from Hou
n-Ganzi terrane; GLS: Ganzi–Litang suture; JS: Jinshajiang suture; BNS: Bangong-
holith; SB: Shengmu batholith; MB: Maxionggou batholith.
Fig. 2. Simpliﬁed geological map of the distribution of the Mesozoic granitoid rocks in the two sides of the Ganzi–Litang suture, including those in the Yidun terrane and
western Songpan-Ganzi terrane (modiﬁed after Roger et al., 2010). DB: Dongcuo batholith; SB: Shengmu batholith; G: Granite; MB: Maxionggou batholith; MG:
Monzogranite; GD: Granodiorite; QD: Quartz diorite; QM: Quartz monzonite; LF: Litang fault; XHF: Xianshui He fault; GLS: Ganzi–Litang suture; JS: Jinshajiang suture.
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Tethys in the Eastern Tibetan Plateau.2. Geological background
The Eastern Tibetan Plateau consists mainly of the central part
of the Qiangtang Block, the Yidun terrane and the Songpan-Ganzi
terrane (Fig. 1a; Roger et al., 2008, 2010). The Yidun terrane lies be-
tween the Qiangtang and the Songpan-Ganzi terranes and is sepa-
rated by two Paleo-Tethys oceanic subduction zones, including the
Jinshajiang suture to the west and the Ganzi–Litang suture to the
east (Fig. 1a; Roger et al., 2008, 2010; Wang et al., 2011). To its
southeast is the Yangtze Block, which is separated by the
Longmenshan–Jinhe fault (Shellnutt et al., 2011). Based on the
tectonostratigraphical distinction in the two ﬂanks of the north–
south-trending Xiangcheng–Geza fault, the Yidun terrane can be
divided into the Western Yidun terrane (also known as the Zhong-
za massif; Chang, 1997) and the Eastern Yidun terrane (Fig. 1b;
Reid et al., 2005, 2007). The oldest rocks that are exposed in the
Western Yidun terrane are Paleozoic metasedimentary rocks (Ro-
ger et al., 2008, 2010). The most prevalent strata are Middle–Late
Triassic volcanic rocks intercalated with ﬂysch deposits, which
are exposed in the Eastern Yidun terrane (BGMRSP, 1991; Hou,
1993; Pan et al., 2003; Reid et al., 2005). These rocks weredeformed and metamorphosed at low metamorphic grade (Reid
et al., 2005). Therein, the Late Triassic volcanic rocks in the north
part are bimodal and encompass both the dominant rhyolites
and minor interlayered basalts (Hou et al., 2003). Numerous sulﬁde
deposits have been found to be hosted in these volcanic rocks (Hou
et al., 2001, 2003), such as the Gacun Ag-polymetallic VMS-type
deposit (Hou et al., 2001; Pan et al., 2003). Jurassic and Cretaceous
sediments are absent from the whole Yidun terrane, although some
Cretaceous granites intrude the eastern Yidun terrane (Qu et al.,
2002; Reid et al., 2007).
Voluminous Late Triassic granite and granodiorite plutons in-
truded deformed Paleozoic and Middle–Late Triassic volcano-sedi-
mentary sequences across the Yidun terrane, such as the huge
Dongcuo and Shengmu batholiths (Fig. 2). Additionally, numerous
Middle–Late Triassic intermediate-felsic porphyry bodies intruded
the Late Triassic Tumugou Group that is composed of volcanic–
sedimentary rocks (Wang et al., 2011; Leng et al., 2012). Although
their outcrop is small in volume relative to the granitic intrusions
in the Eastern Yidun terrane, it is well established that many of
them host economically important porphyry-type or skarn-type
Cu-polymetallic mineralization, including the Pulang, Langdu, Lan-
nitang, Xuejiping, Chundu and Ousaila hypabyssal porphyry bodies
(Fig. 3; Wang et al., 2011; Leng et al., 2012; and references therein).
These ore-bearing porphyries have generally undergone varying
degrees of hydrothermal alteration. Their alteration and
Fig. 3. Geological map of the Zhongdian porphyry (modiﬁed from Wang et al.
(2011)).
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(2011) and Leng et al. (2012). Two accurate mineralization ages
of 213.0 ± 3.8 Ma and 219.9 ± 0.7 Ma from Molybdenite Re–Os dat-
ing have been also reported by Zeng et al. (2006) and Leng et al.
(2012). Apart from these ore-bearing porphyries, minor ore-barren
porphyry intrusions have also been identiﬁed, which intruded the
Late Triassic Tumugou Group and were generally distal from the
ore-bearing porphyry bodies.
3. Sample description
In this study, eleven samples were collected for zircon U–Pb
dating and Hf isotopic analyses from the Xuejiping porphyry stocks
(including two ore-bearing and two ore-barren quartz dioritic por-
phyries), and the Maxionggou (one granodiorite), Shengmu (one
monzogranite and one granodiorite) and Dongcuo (four monzogra-
nites) batholiths, respectively. The detailed locations are summa-
rized in Table 1.
The Xuejiping complex is located to50 km north of the Zhong-
dian city and comprises more than 20 hypabyssal porphyry bodies
with an area of about 2 km2 and approximately NNW-direction
extension along faults in this area (Leng et al., 2012). They consist
of diorite porphyry, quartz diorite porphyry and quartz monzonite
porphyry, monzonitic granite porphyry and granite porphyry, of
which quartz diorite porphyry is the most extensive exposed por-
phyry in the area (Leng et al., 2012). The quartz diorite porphyry is
gray, with massive structure and porphyritic–blastoporphyritic
texture. It is composed of phenocrysts of plagioclaseTable 1
Locations of the studied samples in the Yidun terrane.
Sample Location
Ore-bearing SJ-171 Xuejiping
SJ-282 Xuejiping
Ore-barren SJ-177 Xuejiping
SJ-186 Xuejiping
SJ-199 Maxionggou
SJ-235 Shengmu
SJ-241 Shengmu
SJ-206 Dongcuo
SJ-209 Dongcuo
YD-65 Dongcuo
YD-61 Dongcuo(20–45 vol.%), muscovite (0–8 vol.%), biotite (0–10 vol.%), amphi-
bole (0–10 vol.%) and quartz (0–5 vol.%), and ﬁne to microgranular
sized matrix of plagioclase, K-feldspar and quartz, with minor
accessory minerals of zircon, apatite and magnetite. The plagio-
clase phenocrysts generally occur as 1–4 mm sized euhedral tabu-
lar crystals with well-developed polysynthetic twin and rhythmic
zonation. Most of ore-bearing porphyries are altered to sericite–
quartz–clay, while ore-barren rocks are generally fresh. Two ore-
bearing samples were collected from the ore district nearby the
Xuejiping village, while the two ore-barren dioritic porphyries
were collected along the Xuejiping-Geza road.
The Maxionggou batholith is located between the Xiangcheng
and Daocheng counties with an exposure area of 20 km2 and N–S
trending (Fig. 2). This batholith is composed mainly of monzogra-
nite, with minor granodiorite and hornblende granite in its inner
part (SCBGMR, 1981). One sample (SJ-199) was taken along the
Xiangcheng-Daocheng road. It is granodiorite and is gray, medium-
to coarse-grained and composed of subhedral plagioclase (30–
40 vol.%), K-feldspar (10–20 vol.%), quartz (10–20 vol.%), and horn-
blende (10–30 vol.%), with minor biotite, accessory minerals of
which include apatite, zircon, magnetite and allanite.
The Shengmu batholith lies 5 km southeast of Daocheng County
and show an E-W extension with an outcrop area of 450 km2
(Fig. 2). It is a composite batholith comprising granodiorite and
monzogranite (SCBGMR, 1981). The dioritic microgranular en-
claves are abundant in every rock type. To date, no precise dating
results have been reported. In this study, two granitic rocks were
sampled along the Daocheng–Rihuo road. Sample SJ-235 is monz-
ogranite consisting of biotite (5–10 vol.%), K-feldspar (20–30 vol.%),
plagioclase (20–30 vol.%), quartz (20–30 vol.%) and minor magne-
tite and zircon, whereas sample SJ-241 is granodiorite with similar
mineral compositions to sample SJ-199 from the Maxionggou
batholith.
The Dongcuo batholith is located to the north of Daocheng
County and extends N–S trending with an outcrop area of
2000 km2 (Fig. 2). It is a composite batholith and mainly com-
posed of monzogranite with minor granodiorite (SCBGMR, 1981).
Liu et al. (2006) and Reid et al. (2007) reported two precise
emplacement ages of 224 ± 3 Ma and 225 ± 7 Ma. Four monzogra-
nites were sampled along the Daocheng–Litang road while another
monzogranite was collected along the Litang-Batang road (Fig. 1).
The mineral compositions include hornblende (1–5 vol.%), biotite
(5–8 vol.%), K-feldspar (20–32 vol.%), plagioclase (20–30 vol.%),
quartz (20–25 vol.%) and minor magnetite, apatite and zircon.4. Analytical techniques
4.1. Zircon U–Pb dating
Zircons for LA-ICP-MS dating were separated using conven-
tional heavy liquid and magnetic techniques and then handpickingLithology Longitude Latitude
Dioritic porphyry 2800.4470 9948.7470
Dioritic porphyry 2807.4920 9948.6730
Dioritic porphyry 2801.0790 9948.1710
Dioritic porphyry 2801.0700 9947.7600
Granodiorite 2908.4040 9957.6790
Monzogranite 2902.6110 10032.8460
Granodiorite 2903.2710 10032.9920
Monzogranite 2919.0330 10004.9110
Monzogranite 2918.6370 10004.6490
Monzogranite 2938.5150 10021.0540
Monzogranite 3011.9300 9955.8260
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epoxy resin, polished to half their thickness, and then photo-
graphed in transmitted and reﬂected light. The internal structure
of the zircons was examined using cathodoluminescence (CL)
imaging prior to U–Pb isotopic analysis. The CL images were ob-
tained using an EMPA-JXA-8100 scanning electron microscope at
the Guangzhou Institute of Geochemistry, Chinese Academy of Sci-
ences, Guangzhou.
LA-ICP-MS U–Pb dating of zircon from samples was con-
ducted at the State Key Laboratory of Ore Deposit Geochemistry,
Institute of Geochemistry, Chinese Academy of Sciences, Guiy-
ang, China. A GeoLasPro laser-ablation system (Lamda Physik,
Gottingen, Germany) and Agilent 7700x ICP-MS (Agilent Tech-
nologies, Tokyo, Japan) were combined for the experiments.
The 193 nm ArF excimer laser, homogenized by a set of beam
delivery systems, was focused on the zircon surface with a ﬂu-
ence of 10 J/cm2. Ablation protocol employed a spot diameter
of 32 lm at 5 Hz repetition rate for 40 s (equating to 200
pulses). Helium was the carrier gas used to transport the aerosol
to the ICP-MS. Zircon 91500 was used as the external standard
to correct elemental fractionation, while zircon GJ-1 and Plešo-
vice were also used for quality control. Lead concentration in zir-
con was externally calibrated against NIST SRM 610 with Si as
the internal standard, and Zr as the internal standard for other
trace elements (Hu et al., 2011). Data reduction was performed
off-line by ICPMSDataCal (Liu et al., 2010a, 2010b). 202Hg is usu-
ally < 10 cps in the gas blank, therefore the contribution of 204Hg
to 204Pb is negligible and is not considered further. Common Pb
was corrected according to the method proposed by Anderson
(2002). The U–Pb ages were calculated using the U decay con-
stants of Steiger and Jäger (1977) and Isoplot Ex 3 software
(Ludwig, 2003). Individual analyses are presented with 1r error
in supplementary Table S1, and age uncertainties for pooled data
are quoted at the 95% conﬁdence level.4.2. Zircon Hf isotope analysis
Analytical methods for zircon Hf isotope analysis were de-
scribed in detail in Xia et al. (2011) and are summarized below.
Analyses were carried out in situ with the laser-ablation system
Resolution M-50, attached to a Nu Plasma HR MC-ICP-MS, at the
University of Hong Kong. All analyses were obtained using a beam
diameter of 55 lm and the energy density of 15–20 J/cm2. Interfer-
ence of 176Lu on 176Hf was corrected by measuring 172Yb and 175Lu,
respectively. In situ calculated 173Yb/172Yb ratio was used for mass
bias correction for both Yb and Lu because of their similar physico-
chemical features. Ratios used for the corrections are 0.5887 of
176Yb/172Yb and 0.02655 of 176Lu/175Lu, respectively. Standard zir-
con 91500 was used as the reference standard, with a weighted
mean 176Hf/177Hf ratio of 0.282314 ± 0.000018 (n = 50, 2r) in this
study. eHf(t) values were calculated using the measured U–Pb ages
and with reference to the chondritic reservoir (CHUR) present-day
176Hf/177Hf = 0.282772 and 176Lu/177Hf = 0.0332 (Blichert-Toft and
Albarede, 1997). Single-stage Hf model ages (TDM1(Hf)) were calcu-
lated relative to the depleted mantle present-day value of
176Hf/177Hf = 0.28325 and 176Lu/177Hf = 0.0384 (Grifﬁn et al.,
2000). We also calculated a ‘crustal’ model age (TDM2(Hf)), which
assumes that the parental magma was produced from average con-
tinental crust (176Lu/177Hf = 0.015, Grifﬁn et al., 2004) that origi-
nally was derived from the depleted mantle. The zircon Hf
analyses were obtained using the same mounts as those used for
U–Pb dating and data were collected over the U–Pb spots in most
cases but, where this is not possible, they were run on adjacent
sites within the same CL domain. The analytical results are listed
in supplementary Table S2.5. Analytical results
In situ zircon U–Pb and Hf data of the intrusive rocks in the Yi-
dun terrane are listed in Tables S1 and S2, respectively.5.1. Xuejiping dioritic porphyry
Zircons from the porphyries in the Xuejiping are generally pris-
matic or broken prisms, colorless, transparent, and euhedral, up to
200 lm in length, with length to width ratios of 1:1–2:1. They are
characterized by patchy CL images (Fig. 4a–d); a few grains show
broad euhedral concentric zoning and minor grains display core-
mantle structure with a darker core than the mantle in CL images
(Fig. 4a–d).
All analyses from the two ore-bearing porphyries have U con-
tents ranging from 163 to 897 ppm, and Th contents from 135 to
1201 ppm. Their Th/U ratios vary from 0.71 to 1.56, similar to those
of typical magmatic zircons. All the measured spots from the two
samples fall on the concordant line within analytical errors
(Fig. 5a and b) and show an age range from 206.3 to 258.8 Ma.
Sample SJ-171 yield two Concordia age populations of
216.9 ± 1.4 Ma and 249.6 ± 6.4 Ma (Fig. 5a), of which the young
age represents the emplacement time of the dioritic porphyry.
Sample SJ-282 give identical young concordia zircon U–Pb ages
of 214.7 ± 2.5 Ma within errors to Sample SJ-171 (Fig. 5b), which
can be interpreted as the crystaliztion age of the porphyry. In addi-
tion, two old inherited ages of 242.5 ± 8.9 Ma and 254.5 ± 8.0 Ma
also were obtained (Fig. 5b; Table S1), which are the same as the
old age group from Sample SJ-171 within errors. Forty-four analy-
ses including rims and inherited cores from the two ore-bearing
samples yielded a relatively low 176Hf/177Hf ratio between
0.282530 and 0.282776 and a wide range of eHf(t) values from
3.98 to +5.16, with TDM2(Hf) model ages ranging from 0.95 Ga
to 1.50 Ga (Table S2; Fig. 6a).
All analyses from the two ore-barren porphyries are character-
ized by similar Th (91–1194 ppm) and U (114–771 ppm) contents
and Th/U ratios (0.72–1.66) (Table S1). All analyzed spots are con-
cordant and give an age range from 212.4 to 261.8 Ma, similar to
those of the ore-bearing porphyries (Fig. 5c and 5d). Similar to
Sample SJ-171, Sample SJ-177 also gives two identical concordia
age populations of 216.3 ± 3.4 Ma and 252.7 ± 9.0 Ma within errors
(Fig. 5c), of which the young age represents the crystallization age
of the porphyry. Sample SJ-186 yields a similar young age popula-
tion of 216.8 ± 0.9 Ma to those of the aforementioned porphyries,
but has three younger inherited ages than the others (Fig. 5d).
The young age represents the emplacement time of the porphyry.
Twenty-nine analyses (twenty-four for rims and ﬁve for inherited
cores) from the two ore-barren samples show similar variations
in the 176Hf/177Hf ratios of 0.282578–0.282781 and in the corre-
sponding eHf(t) values ranging from 2.25 to +5.02 to those of
the ore-bearing porphyries (Table S2; Fig. 6a). Their resultant
TDM2(Hf) model ages of 0.93–1.35 Ga resemble those of the ore-
bearing porphyries (Table S2; Fig. 6a).5.2. Maxionggou batholith
Zircons from the granodiorite (SJ-199) from the central part of
this batholith are dominantly light pink to colorless euhedral crys-
tals. Most grains range in length from 100 to 200 lmwith length/
width ratios of 2:1 and show the core–mantle structure with a dar-
ker core in CL images (Fig. 4e). They all exhibit oscillatory mag-
matic zoning in CL images (Fig. 4e).
The analyzed zircons from sample SJ-199 have wider range of
Th contents (375–3805 ppm) and higher U contents (1021–
5351 ppm) than those of the Xuejiping porphyries (Table S1). Their
Fig. 4. Representative cathodoluminescence (CL) images of zircons from the Late Triassic intrusive rocks (a and b: ore-bearing porphyries; c and d: ore-barren porphyries; e:
Maxionggou granodiorite; f and g: Shengmu batholith; h and k: Dongcuo batholith), Yidun terrane. Solid circles show U–Pb analysis spots, and broken circles are the Lu–Hf
analysis spots. The numbers correspond to the analyses in Table S1.
Fig. 5. Zircon U–Pb concordia diagrams for the Xuejiping porphyries in the southern Yidun terrane. (a and b): ore-bearing porphyries and (c and d): ore-barren porphyries.
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spots give an age range from 213.9 to 247.1 Ma. The youngest
and older clusters yield weighted mean 206Pb/238U ages of
216.0 ± 1.1 Ma and 245.3 ± 1.9 Ma, respectively (Fig. 7a). The youn-
gest weighted mean age represents the emplacement age of the
granodiorite. The older ages were obtained from cores and xeno-
crysts. Sixteen analyses from this sample produce similar Hf isoto-
pic compositions to those of the Xuejiping porphyries, such as their
176Hf/177Hf ratios = 0.282605–0.282734, the corresponding eHf(t)values = 1.08  +3.31 and TDM2(Hf) model ages = 1.06–1.34 Ga
(Table S2; Fig. 6b).
5.3. Shengmu batholith
Zircons from the monzogranite (SJ-233) and the granodiorite
(SJ-241) in this batholith are mostly transparent, euhedral and
light brown in color, with a length/width ratio of 1:1–2:1. How-
ever, in the CL images, they show different features. The former
Fig. 6. Relationship between eHf(t) values and U–Pb ages for zircons from the intrusive rocks in the Yidun terrane, (a) porphyries and (b) granitoid rocks. Hf isotopic
compositions of chondrite and depleted mantle are from Blichert-Toft and Albarede (1997), Vervoort and Blichert-Toft (1999).
24 T. Peng et al. / Journal of Asian Earth Sciences 80 (2014) 18–33displays clearer oscillatory zoning and slightly weaker cathodolu-
minescence than the latter (Fig. 4f and 4 g).
All analyzed spots are concordant and give an age range from
211.0 to 265.9 Ma. The two samples produced similar young and
old weighted mean 206Pb/238U ages of 218.3 ± 3.1 Ma and
255.5 ± 5.8 Ma, and 216.1 ± 2.5 Ma and 248.4 ± 8.1 Ma within er-
rors, respectively (Fig. 7b and c). The young weighted mean ages
can be interpreted as the emplacement age of the granodiorite
and monzogranite, respectively. Thirty-six analyses from the two
samples yielded the slightly lower 176Hf/177Hf ratios (0.282412–
0.282605) and eHf(t) values (7.32 to 1.32) than the Xuejiping
porphyries and the Maxionggou granodiorite (Table S2; Fig. 6b).
Their corresponding TDM2(Hf) model ages (1.34–1.76 Ga) are older
than the latter (Table S2; Fig. 6b).5.4. Dongcuo batholith
All zircon grains from the four samples have a size range of 50–
250 lm in length with a length/width ratio of 1:1–3:1. They show
a similar morphology, and are mostly transparent, euhedral and
light brown in color (Fig. 4h-k). The CL images show that these zir-
cons have commonly concentric oscillatory zoning (Fig. 4h-k),
indicative of magmatic origin.
All analyses have a relatively wide range in U (221–1336 ppm)
and Th (94–928 ppm) concentrations, with Th/U ratios ranging be-
tween 0.27–0.99. Three samples yield identical young weighted
mean 206Pb/238U age of 214.7 ± 2.6 Ma (SJ-206), 216.9 ± 0.8 Ma
(YD-65) and 216.6 ± 0.8 Ma (YD-61) within errors, respectively,
which are interpreted to reﬂect the timing of magmatic crystallisa-
tion for these samples. The other sample (SJ-209) gives a slightlyolder crystallization age of 223.9 ± 3.9 Ma relative to the former,
which is identical to the dating results of Liu et al. (2006) and Reid
et al. (2007). In addition, samples SJ-209 and YD-61 also give inher-
ited ages of 249.6 ± 7.8 Ma and 244.8 ± 3.4 Ma similar to those of
the Xuejiping porphyries and the Maxionggou and Shengmu
batholiths (Figs. 5, 7 and 8). Furthermore, four older inherited ages
are also obtained from sample YD-65, including 296.3 ± 4.5 Ma,
299.7 ± 4.1 Ma, 320.1 ± 7.7 Ma and 427.5 ± 4.3 Ma (Fig. 8c). Sev-
enty-eight analyses from the four samples give a wide range of
176Hf/177Hf ratios (0.281950–0.282593), eHf(t) values (22.70 to
1.25) and TDM2(Hf) model ages (1.35–2.53 Ga) (Table S2; Fig. 6b).6. Discussion
6.1. Geochronological framework of the Mesozoic intrusions
Determination of emplacement time of the Mesozoic interme-
diate-felsic magmatism is crucial to understanding the tectonic
evolutionary history of the Yidun terrane and their related miner-
alization. Based on traditional isotopic methods including whole-rock
Rb–Sr, whole-rock and mineral K–Ar and Ar–Ar, and single-grain
zircon U–Pb dating, previous workers revealed that these granitic
intrusions in the Yidun terrane were emplaced at a wide age of
237–75 Ma (Lu et al., 1993; Reid et al., 2005), which were divided
into three episodes of magmatism, including 238–210 Ma, 207–
138 Ma and 138–73 Ma magmatic events (Hou et al., 2001).
As noted above, for the Mesozoic granitic magmatism, recent
precise in situ zircon U–Pb dating results indicate that these gran-
itoid plutons were emplaced at two episodes of 225–217 Ma and
95 Ma (Liu et al., 2006; Reid et al., 2007; Weislogel, 2008). Our
Fig. 7. Zircon U–Pb concordia plots for the granitoid rocks from (a) the Maxionggou
batholith, and (b and c) the Shengmu batholith.
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main episodes of granitic magmatism, with one at 225 Ma and
the other at 216 Ma (Fig. 9a), which are the same as the recent
precise dating as shown in Fig. 2 (Liu et al., 2006; Reid et al.,
2007; Weislogel, 2008). Different from the granitic magmatism in
the Yidun terrane, due to the discovery of some economically
important Cu–Au deposits hosted in some porphyries, a great num-
ber of precise dating results for ore-bearing rocks indicate a vari-
able emplacement time ranging from 230 Ma to 206 Ma (Table 2;
Lin et al., 2006; Liu et al., 2006; Leng et al., 2008, 2012; Wang
et al., 2008, 2011; Cao et al., 2009; Zhang et al., 2009; Ren et al.,
2011). Our dating results including ore-bearing and ore-barren
porphyries, together with previous data (Lin et al., 2006; Liu
et al., 2006; Leng et al., 2008, 2012; Wang et al., 2008, 2011; Cao
et al., 2009; Zhang et al., 2009; Ren et al., 2011), reveal three epi-
sodes of magmatism at 206 Ma, 216 Ma and 224–230 Ma witha key peak at 216 Ma (Fig. 9b). The latter two episodes of
emplacement times were coeval with the two-period granitic mag-
matism as evidenced in the Yidun terrane (Liu et al., 2006; Reid
et al., 2007; Weislogel, 2008; and this study). Taken together, all
precise dating results suggest that there was a widespread inter-
mediate-felsic magmatic event at 216 Ma in the Yidun terrane
although minor 224–230 Ma, 206 Ma and 95 Ma intrusions also
occur in the terrane.
6.2. Petrogenesis
6.2.1. Dioritic porphyry
Most recently, based on the geochemical signatures of the ore-
bearing porphyries in southern Yidun terrane, two types of adakitic
rocks have been documented, including high-SiO2 (HSA) and low-
SiO2 (LSA) adakitic rocks (Wang et al., 2011). Moreover, Wang et al.
(2011) proposed that both types of adakitic rocks were derived
from the melting of the subducting basaltic oceanic crust and its
overlying marine sediments. Therein, the HSA magmas had experi-
enced limited interaction with the overlying mantle wedge by ﬂat
subduction, while a more extensive interaction with the overlying
mantle wedge led to the formation of the LSA due to subsequent
slab break-off (Wang et al., 2011). In contrast, based on the study
of Sr–Nd–Pb isotopic compositions for the Xuejiping ore-bearing
porphyries, Leng et al. (2012) suggested that these rocks originated
from a metasomatized mantle with minor contamination of crustal
materials during ascent. Further modeling calculation of two end
members based on the whole-rock Sr–Nd isotopic compositions
indicated about 5–10% crustal contamination (Leng et al., 2012).
In fact, all adakitic rocks have higher mg numbers (>45) than that
of slab-derived melt as obtained from experiment (e.g., Rapp et al.,
1999). It is clear that a sole origin of metasomatized mantle wedge
is difﬁcult to account for such characters. In addition, some ore-
bearing porphyries displaying potassic nature (K2O/Na2O > 1; Lin
et al., 2006; Wang et al., 2011) and slightly variable and negative
whole-rock eNd(t) and zircon eHf(t) value (<0) (Wang et al., 2011;
Leng et al., 2012; and this study), along with their high initial
87Sr/86Sr ratios (Wang et al., 2011; Leng et al., 2012), are notably
distinguishable from the oceanic slab-derived melts that are Na-
rich (K2O/Na2O < 1) and have depleted isotopic compositions (i.e.,
eNd(t) > 4) (Defant et al., 1992; Danyushevsky et al., 2008). More-
over, an old oceanic crust (>30 Ma) as evidenced by dating the oce-
anic gabbro of the Ganzi ophilite block at the Qigongli
Hydroelectric Station to south of Ganzi city (292 ± 4 Ma; Yan
et al., 2005) was too cold to be partially melted during the Late Tri-
assic subduction of 230–200 Ma (e.g., Defant and Drummond,
1990; Kay and Kay, 2002). By contrast, their high-K nature
(K2O = 2.14–4.56 wt%; Lin et al., 2006; Wang et al., 2011) more
resembles those adakitic rocks derived from continental lower
crust (e.g., Kerrich et al., 2000; Xu et al., 2002). Furthermore, the
LSA (i.e., the Xuejiping porphyries; Wang et al., 2011; Leng et al.,
2012) possesses similar whole-rock eNd(t) values to those of HSA
in the area (Wang et al., 2011), indicating a commonmagma source
for their generation. Collectively, such signatures, along with their
similar zircon Hf isotopic compositions and Mesoproterozoic
TDM2(Hf) values in both ore-bearing and ore-barren porphyries
(Fig. 6a), likely indicate that they were derived from a common
juvenile continental lower-crust source as generally suggested by
some workers (Hou et al., 2004a, 2009; Wang et al., 2006; Xiao
et al., 2007; Yuan et al., 2010). Their high mg numbers could be re-
sults of interaction between the delaminated lower crust-derived
melts and asthenosphere mantle after orogenic collapse (see the
following discussion). More importantly, all inherited zircons in
the ore-bearing and ore-barren dioritic porphyries display similar
Hf isotopic compositions to those magmatic zircons (Table S2), also
indicating a common origin of source. That is, these Late Triassic
Fig. 8. Zircon U–Pb concordia plots for the granites of the Dongcuo batholith.
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ﬁc lower crust with the presence of amphibole and/or garnet in
their source. Moreover, their similar zircon Hf and whole Nd model
ages indicate that their isotopic characters originated from isotopi-
cally homogeneous source (Wang et al., 2011; Leng et al., 2012).
Therefore, an origin of continental lower crust is the most plausible
explanation for the origin of these dioritic porphyries in southern
Yidun terrane.6.2.2. Granitic rocks
Based on the moderate initial 87Sr/86Sr ratios (0.708–0.711) in
granitic rocks in the Yidun terrane, Hou et al. (2001) proposed that
they originated from the mixing of crust-derived magma with
mantle-derived magma. Further zircon Hf isotopic analyses also
led Reid et al. (2007) to agree with such interpretation. However,
it is generally accepted that the granitoid rocks that generate by
mixing of crust- and mantle-derived magmas show an afﬁnity to
A-type granite (e.g., Poitrasson et al., 1995; Schmitt et al., 2000;
Zhang et al., 2007). Indeed, the 225–206 Ma granitic rocks do
not posses such characteristics, but have an afﬁnity to I-type gran-
ite (Hou et al., 2001). Such a signature is best explained as the
products of partial melting of meta-igneous rocks (e.g., Chappell
and White, 2001) in the middle-lower crust. Most zircon TDM2(Hf)
values of the granitic rocks in this study (Table S2) demonstrate
that the continental crust is Mesoproterozoic with a peak age of
1.6–1.5 Ga (Fig. 10), whereas minor granodiorites from the Max-
ionggou batholith were derived from a slightly younger juvenile
continental cust to those of dioritic porphyries in the southern Yi-
dun terrane (Fig. 10b). Some older TDM2(Hf) model ages (up to
2.8 Ga; Fig. 10a) in the Dongcuo batholith granites is probably re-
sulted from the contamination during ascent.6.3. Possible basement underneath the Yidun terrane and its
comparison with the Songpan-Ganzi terrane and the Yangtze Block
As noted before, the oldest exposed rocks in the Yidun terrane
are Paleozoic metasedimentary rocks. Whether the crystalline
basement older than the Paleozoic is present beneath the Yidun
terrane is still uncertain. Although the Yidun terrane is interpreted
to have rifted from the Yangtze Block during the evolution of the
Paleo-Tethys (Pan et al., 2003), whether it shares similar crustal
evolution pattern and crystalline basement to the Yangtze Block
also remains unclear. To date, the oldest magmatic event is docu-
mented from the inherited zircon with an age of 427.2 ± 9.1 Ma
in the sample YD-65 (Table S1). The oldest zircon Hf model age
of granite in the Yidun terrane from Reid et al. (2007) is 2.42 Ga.
Our study, such as the presence of the 2.8 Ga zircon Hf model
age from sample YD-65 (Table S2), likely indicates that some sim-
ilar materials of source region to the Yangtze Craton have been
preserved beneath the Yidun terrane.
Additionally, a combination of our zircon Hf model ages, to-
gether with recently reported data from Reid et al. (2007), Wang
et al. (2011) and Leng et al. (2012), reveals two main peaks at
1.3–1.0 Ga and 1.57–1.50 Ga (Fig. 11a). Previous limited whole-
rock Nd model ages from the ore-bearing porphyries in the south-
ern Yidun terrane (Wang et al., 2011; Leng et al., 2012) also gave a
similar peak at 1.3–1.0 Ga (Fig. 11b) to the zircon Hf model age
from the ore-bearing and ore-barren porphyries and the Maxiong-
gou granodiorite (Leng et al., 2012; and this study). This implies
that two major episodes of Mesoproterozoic juvenile continental
crust had developed beneath the Yidun terrane. By comparison,
in the case of the Songpan–Ganzi terrane, the published zircon
Hf and whole-rock Nd model ages from coeval igneous rocks also
denote two similarly important events of juvenile continental
Fig. 9. Probability plot of zircon U–Pb ages for (a) the Granitic rocks and (b) the
Zhongdian porphyries. Data are from Lin et al. (2006), Liu et al. (2006), Reid et al.
(2007), Leng et al. (2008, 2012), Weislogel (2008), Wang et al. (2008, 2011), Cao
et al. (2009), Pang et al. (2009), Zhang et al. (2009), Ren et al. (2011).
Table 2
Summary of zircon U–Pb ages of the porphyry intrusions and volcanic rocks from the Zhongdian area in the Southern Yidun terrane.
Intrusion/Vol. Lithology Methodology Crystallization age (Ma) Reference
Pulang Quartz monzonite SHRIMP 228.0 ± 3.0 Wang et al. (2008)
Quartz monzonite 226.3 ± 2.8
Quartz monzonite 226.0 ± 3.0
Quartz diorite TIMS 221.0 ± 1.0 Pang et al. (2009)
Quartz monzonite 211.8 ± 0.5
Granodiorite 206.3 ± 0.7
Quartz diorite LA-ICP-MS 224.2 ± 1.7 Wang et al. (2011)
Quartz diorite 217.9 ± 1.8
Xuejiping Quartz diorite SHRIMP 215.3 ± 2.3 Lin et al. (2006)
Quartz diorite 215.2 ± 1.9 Cao et al. (2009)
Monozonite porphyry LA-ICP-MS 213.4 ± 1.5 Ren et al. (2011)
Dioritic porphyry 217.1 ± 1.5
Monozonite porphyry SIMS 218.3 ± 1.6 Leng et al. (2012)
Andesite 218.5 ± 1.6
Dioritic porphyry LA-ICP-MS 216.9 ± 1.4 This study
Dioritic porphyry 214.7 ± 2.5
Dioritic porphyry 216.3 ± 3.4
Dioritic porphyry 216.8 ± 0.9
Pingdong Quartz diorite 230.3 ± 1.7 Wang et al. (2011)
Disuga Quartz diorite 219.8 ± 3.0
Andesite 220.7 ± 2.0
Chundu Quartz monzonite SIMS 219.7 ± 1.8 Zhang et al. (2009)
Songnuo Quartz monzonite SHRIMP 220.9 ± 3.5 Leng et al. (2008)
Note: vol. = Volcanic rocks.
Fig. 10. Probability of zircon Hf model ages of the granitic rocks in the Yidun
terrane. (a) The Dongcuo batholith and (b) the Maxionggou and Shengmu
batholiths.
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Fig. 11. Frequency of whole-rock Hf and zircon Nd two-stage model ages for the Mesozoic intrusive rocks in the Yidun (a and b) and Songpan-Ganzi terranes (c and d), and for
the Neoproterozoic igneous rocks in the Western Yangtze Block. Data sources for the Yidun terrane are from Reid et al. (2007), Ren et al. (2011), Wang et al. (2011), Leng et al.
(2012), and this study; the Songpan-Ganzi are from Zhang et al. (2006, 2007), Xiao et al. (2007) and Zhao et al. (2009); the Western Yangtze are Chen et al. (2001), Li et al.
(2005) and Zhao et al. (2008).
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(Fig. 11c and d; Zhang et al., 2006, 2007; Xiao et al., 2007; Yuan
et al., 2010). Therefore, the similarity of Hf model ages of the Meso-
zoic igneous rocks in the two blocks suggests that they experi-
enced the same crustal evolution during Mesoproterozoic. In this
regard, it also argues against the suggestion that the thickened Tri-
assic sedimentary sequences overlie directly the Paleo-Tethys oce-
anic crust in the Yidun and Songpan–Ganzi terranes (Zhou and
Graham, 1996; Roger et al., 2010).
In fact, for the Yangtze Block, it is well established that the ex-
posed Precambrian basement consists predominantly of Meso- to
Neo-proterozoic strata and Neoproterozoic igneous rocks with
minor Paleoproterozoic strata, particularly in the western Yangtze
Block (Li et al., 1999; Zhou et al., 2002; Zhao et al., 2008; Zhao and
Cawood, 2012; Zhao and Guo, 2012; Zheng et al., 2013). For in-
stance, the Paleoproterozoic and Mesoproterozoic strata, including
the Dahongshan, Dongchuan, and Kunyang Groups, are widelydistributed in the Kangdian region of western Yangtze Block (Wu
et al., 1990; Greentree et al., 2006; Greentree and Li, 2008; Zhao
et al., 2010). Moreover, Nd and Hf model ages from Neoproterozoic
igneous rocks in the western Yangtze Block show a major Meso-
proterozoic event of juvenile crust extraction from mantle
(Fig. 11e and f; Chen et al., 2001; Li et al., 2005; Zhao et al.,
2008). Such signatures further indicate that the Yidun and Song-
pan–Ganzi terranes may share a common evolutionary history of
continental crust during the Mesoproterozoic time with the Yan-
gtze Block.
6.4. Implications for Cu–polymetallic mineralization
Late Triassic dioritic porphyries in the southern Yidun terrane
host economically important Cu-polymetallic deposits with over
10 Mt of contained Cu resources (Hou et al., 2003; Wang et al.,
2011; Leng et al., 2012; and references therein). Previous Re–Os
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et al., 2003; Zeng et al., 2006; Leng et al., 2012) showed that the
timing of mineralization is approximately synchronous with the
major intrusion of porphyry bodies in this area at 216 Ma (Lin
et al., 2006; Wang et al., 2008, 2011; Pang et al., 2009; Ren et al.,
2011; Leng et al., 2012; and this study). Furthermore, these ore-
bearing porphyries show a typical afﬁnity to adakitic rocks that
are characterized by high Sr contents and Sr/Y and La/Yb ratios,
and low Y and Yb abundances (Wang et al., 2011). Nevertheless,
the origin of the ore-forming ﬂuids responsible for the Cu-polyme-
tallic mineralization and their genetic correlation with the adakitic
porphyries in the Yidun terrane remain a controversial issue. For
example, Ren et al. (2011) and Wang et al. (2011) invoked a sub-
ducting oceanic slab origin to account for the generation of ore-
bearing porphyries with an adakitic afﬁnity and the formation of
Cu-polymetallic mineralization. By contrast, considering their Sr–
Nd–Pb isotopic signatures, coupled with markedly high Re con-
tents in the molybdenite from the Xuejiping deposit, Leng et al.
(2012) proposed that an origin of enriched mantle metasomatized
by ﬂuids released from the subducted Ganzi-Litang oceanic crust is
responsible for regional Cu-polymetallic mineralization.
It is widely accepted that two key factors including high oxida-
tion state (or high fO2) and high H2O content are responsible for
Cu-polymetallic mineralization (Brandon and Draper, 1996; Par-
kinson and Arculus, 1999; Mungall, 2002; Sun et al., 2004, 2007;
Richards, 2009; and references therein). High fO2 makes against
sulfur as SO2 dissolved in the evolved magmas (Carroll and Ruther-
ford, 1985) and suppresses magmatic sulﬁde, such as pyrrhotite,
precipitation, a process that may cause sequestration of metals be-
fore they can partition into the aqueous phase (Richards, 2005,
2009, 2012, and references therein). On the other hand, high H2O
contents result in magmas becoming saturated with the aqueous
phase, into which the ore metals can partition efﬁciently (Candela
and Holland, 1984; Richards, 2005, 2009, 2012, and references
therein). Consequently, many workers believe that subducted oce-
anic slab and overlying sediments that are H2O-rich and high fO2
are the most likely candidate to generate adakitic rocks and form
porphyry Cu-polymetallic deposits (Mungall, 2002; Kelley and
Cottrell, 2009). Also, based on higher copper concentrations in oce-
anic crust (60–130 ppm; Sun et al., 2003) than those of the primi-
tive mantle (30 ppm; McDonough and Sun, 1995) and the
continental crust (27 ppm; Rudnick and Gao, 2003), along with
the fact that the subduction zone is more oxidizing than the lower
continental crust (Brandon and Draper, 1996; Parkinson and Arcu-
lus, 1999; Mungall, 2002; Sun et al., 2004, 2007), Sun and cowork-
ers (Sun et al., 2011, 2012) emphasized that slab melts should have
much higher potential for Cu mineralization than melts derived
from the mantle or from the crust (Sajona and Maury, 1998; Reich
et al., 2003; Levresse et al., 2004). In contrast, some researchers
suggest that the partial melting of mantle peridotite metasoma-
tized by slab melts and ﬂuids, or remelting of basaltic or gabbroic
crustal underplates originally sourced in normal arc mantle, can
generate adakitic magmas (Drummond et al., 1996; Hou et al.,
2011), which may be highly oxidized and potentially fertile for
Cu-polymetallic mineralization (Mungall, 2002).
In fact, as discussed above, the ore-bearing dioritic porphyries
in the southern Yidun terrane were derived from the partial melt-
ing of juvenile continental lower crust with a residual garnet in
source. Although remelting of basaltic or gabbroic crustal will gen-
erate adakitic magmas (Drummond et al., 1996; Bouse et al., 1999;
Hou et al., 2011), which may be potentially fertile for Cu-polyme-
tallic mineralization (Mungall, 2002), it is noticeable that the lower
crust-derived melts related to orogenic collapse (also see the fol-
lowing discussion) generally have low fO2 due to be the dry char-
acter under the condition of the occurrence of garnet (Carmichael,
1991), which is difﬁcult to prompt Cu-polymetallic mineralizationin this area. Furthermore, the markedly higher Re contents in the
Xuejiping molybdenite (Leng et al., 2012) than those of crustal-de-
rived deposits (e.g., Mao et al., 1999), argue against a crustal origin
for these ore-forming ﬂuids in the southern Yidun terrane. Hence,
an alternative mantle-derived ore-forming ﬂuid with high fO2 and
water contents is necessary to account for their mineralization nat-
ure. The most plausible explanation is that the delaminated en-
riched mantle metasomatized by slab-derived ﬂuids melted to
generate the hydrous and high fO2 magma with high chalcophile
element contents when they foundered into hotter asthenosphere
after orogenic collapse. In this case, a different origin of enriched
mantle from the crust-derived adakitic magma cannot only ac-
count for the importance of maﬁc magma in the formation of por-
phyry deposits through heat, material, metal and sulfur
contribution (e.g., Hattori and Keith, 2001; Maughan et al., 2002;
Bejgarn et al., 2012), but also explain some typical features of sul-
ﬁdes hosted in the porphyries, which are both disseminated and
located in veinlets (Leng et al., 2012). An excellent example is the
genetic correlation between the Paleoproterozoic VMS-type and
porphyry Cu–Mo–Au deposits and their host rocks in the Skellefte
district, northern Sweden (Bejgarn et al., 2012).
6.5. Geodynamic setting and mechanism for the Late Triassic
magmatism and associated mineralization
Previous workers generally believed that the Middle–Late Trias-
sic igneous rocks in the Yidun terrane were the products of subduc-
tion-related arc magmatism (Hou et al., 2001, 2003, 2004b; Roger,
2008; Weislogel, 2008; Wang et al., 2011; Leng et al., 2012),
although different researchers suggested different patterns of oce-
anic slab subduction and therefore different subduction geometry.
For example, based on the difference of magmatic type, rock
assemblages and their hosted deposits in the northern and south-
ern parts, Hou et al. (2001, 2003, 2004b, 2007) attributed this to
different subduction dip angle related to westward-dipping sub-
duction of the Ganzi–Litang Ocean and suggested a ﬂat subduction
or low angle subduction in the southern segment while a steep
subduction in the northern segment during the Late Triassic. Re-
cently, Wang et al. (2011) and Leng et al. (2012) also invoked this
model to interpret the genesis of the Late Triassic porphyry intru-
sions and their hosted Cu-polymetallic deposits in the southern Yi-
dun terrane. In contrast, Roger et al. (2008, 2010) proposed that
these Middle–Late Triassic igneous rocks were resulted from the
east-dipping subduction of the Jinshajiang Ocean.
Although the intra-arc rift related to steep subduction is viable
to account for the generation of the Late Triassic bimodal volcanic
rocks and their hosted VMS-type deposits in the northern Yidun
terrane (Hou et al., 2003, 2004b; Wang et al., 2011), the ﬂat sub-
duction in the southern segment is difﬁcult to explain their high
Mg# values in the adakitic porphyries (Lin et al., 2006; Wang
et al., 2011). In fact, apart from the rifted intra-ocean or rifted con-
tinental arc as suggested by Hou et al. (2001, 2003, 2004b), other
extension settings including mid-ocean ridge, back-arc basin and
post-collisional continental rift were also considered to be respon-
sible for the formation of bimodal volcanic rocks and their hosted
VMS-type deposits (Sillitoe, 1977, 1997; Barrie and Hannington,
1999; Zorin et al., 2001). Moreover, as discussed above, the geo-
chemical and isotopic signatures of the adakitic porphyries in the
southern Yidun terrane do not support a slab origin, but an origina-
tion from the lower crust. It is well noticeable that an arc setting
during the Late Triassic is not convincible to interpret such charac-
ters. More importantly, present studies demonstrate that two-per-
iod coeval granitic magmatism (including A-type and potassic
adakitic granites) also occurred to the east of the Ganzi–Litang su-
ture, even in the whole Songpan–Ganzi fold belt (Fig. 2; Zhang
et al., 2006, 2007; Xiao et al., 2007; Weislogel, 2008; Yuan et al.,
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extensional environment, and often occur in an anorogenic setting
(e.g., Barbarin, 1999) or in a postorogenic environment within 10–
20 million years of an orogenic event (subduction or continent–
continent collision) (e.g., Eby, 1992). Similarly, the potassic adakitic
rocks are considered to have formed in a post-collisional or post-
orogenic environment (Wang et al., 2006; Hou et al., 2007). There-
fore, the coeval occurrence of the Late Triassic intrusive rocks in
the two sides of the Ganzi–Litang suture also distinctly argues
against an arc setting (Hou et al., 2001, 2003, 2004b; Roger et al.,
2008; Weislogel, 2008; Wang et al., 2011; Leng et al., 2012) or
compressional environment (Yuan et al., 2010) in that time. In con-
trast, orogenic collapse should be the most plausible scenario to ac-
count for their generation in both the Yidun and Songpan–Ganzi
terranes. Indeed, Zhang et al. (2007) and Xiao et al. (2007) have
suggested such a scenario to interpret the formation of Late Trias-
sic granitic rocks in the Songpan–Ganzi terrane, although not in-
volved the magmatism in the Yidun terrane.
In this scenario, the enriched lithospheric mantle, together with
parts of lower crust, both of which are metamorphosed up to
eclogite facies, was delaminated downwards into asthenosphere
after Triassic crustal thickening of the Yidun and Songpan–Ganzi
terranes due to convergence between the Yangtze, North China
and Qiangtang blocks. The delamination would have caused the
rise of hot asthenosphere to reach the lower crust and subsequent
crustal extension (Bird, 1979; Sacks and Secor, 1990). As a result of
depressurization, partial melting of the upwelling asthenosphere
produced basaltic magma. These basic magmas were intruded into
the lower crust and led to large-scale partial fusion of middle–low-
er crust to form felsic magma (Stel et al., 1993), such as the huge
exposure of Late Triassic granitic batholith in the Yidun terrane
(Hou et al., 2001, 2003, 2004b; Reid et al., 2005, 2007; Roger
et al., 2008; Weislogel, 2008; Wang et al., 2011; Leng et al.,
2012; and this study), and the A-type, high Ba–Sr and K-adakitic
granites in the Songpan-Ganzi terrane (Zhang et al., 2006, 2007;
Xiao et al., 2007; Zhao, 2007; Yuan et al., 2010). In particular, the
rock association of the Late Triassic potassic rhyolites and shosho-
nites that erupted in the northern Yidun terrane (Hou et al., 1995;
Pan et al., 2003), is also important petrographic evidence for litho-
spheric delamination (Kay et al., 1994). On the other hand, the del-
aminated enriched lithospheric mantle and partial lower crust
would melt to produce basic and adakitic magmas due to higher
heat of the surrounding asthenosphere, respectively. The former
would be hydrous, metal-rich, and have relatively high fO2 due
to the previous metasomatism by the slab-derived ﬂuids and
melts, whereas the latter was K2O-enriched in composition. Both
types of magmas would underplate to form two different mag-
matic chambers under the lower crust. Therein, the interaction
with mantle peridotite led to higher mg numbers and Cr and Ni
contents in the crustal-derived adakitic magma during their ascent,
such as the adakitic porphyries in the southern Yidun terrane
(Wang et al., 2011).
Subsequently, further stress relaxation resulted in the forma-
tion of translithoshere faults and the exsolution of ore-bearing ﬂu-
ids from the basic magmagtic chamber. The exsolved ore-bearing
ﬂuids would migrate upwards along the translithoshere faults,
which supplied important metal elements for different mineraliza-
tion when their surrounding circumstances changed. For example,
when this ore-bearing ﬂuid met with the adakitic magma during
ascent, they would mix and form an immiscible magma (Lowen-
stern and Sinclair, 1996; Audétat et al., 2008; Kamenetsky and
Kamenetsky, 2010). Meanwhile, such ore-bearing ﬂuids would also
result in different degrees of hydrothermal alteration and mineral-
ization in the adakitic magma (Sillitoe, 2010 and references there-
in), such as the features in the Xuejiping, Pulang, Chundu porphyry
Cu–Au deposits in the southern Yidun terrane (Wang et al., 2011;Leng et al., 2012). Also, when the ore-bearing ﬂuid met with other
rock types, it would cause other different styles of mineralization
(Sillitoe, 2010), such as the skarn-type Cu-polymetallic ore depos-
its in different contact zone with carbonate in the southern Yidun
terrane (Leng et al., 2012). Alternatively, when the ore-bearing
ﬂuid erupted within a deep water environment, it would generate
the high-sulﬁdation epithermal Cu-polymetallic ore deposits
hosted in bimodal volcanic rocks (Sillitoe, 2010), such as the Gacun
VMS-type ore deposit in the northern Yidun terrane (Hou et al.,
1995, 2001; Pan et al., 2003).
In addition, taking into account the fact that no associated mag-
matic type ore deposits have been found to the east of the Ganzi–
Litang suture (i.e., the Songpan-Ganzi fold belt) so far, but many in
the eastern part of the Yidun terrane to the west of the Ganzi–Li-
tang suture, it likely indicates that the Ganzi–Litang Ocean was
subducted westwards beneath the Yidun terrane as proposed by
most workers (Hou et al., 2001, 2003, 2004b; Wang et al., 2011;
Leng et al., 2012). This feature indicates that the delaminated lith-
osphere mantle in the Songpan-Ganzi terrane had not undergone
the metasomatism by the slab-derived ﬂuids and melts, and would
not be hydrous, metal-rich, and high fO2, which is requisite for the
Cu-polymetallic mineralization. Alternatively, the Late Triassic Cu-
polymetallic mineralization occurred mainly in the eastern Yidun
terrane, but not in the western Yidun terrane, implying that the
east-dipping subduction of the Jinshajiang Ocean is difﬁcult to ac-
count for the distribution patterns of the Late Triassic igneous
rocks and the related mineralization in the eastern Yidun terrane
as suggested by Roger et al. (2008) and Weislogel (2008).7. Conclusions
Systematic zircon U–Pb age determination and Hf isotope anal-
yses for the Mesozoic intrusive rocks in the Yidun terrane allow us
to draw the following conclusions:
(1) The granitoids were emplaced mainly at 225 Ma and
216 Ma while the dioritic porphyries intruded at a peak
of 216 Ma.
(2) The dioritic porphyries in the southern segment of the Yidun
terrane were derived from partial melting of the late Meso-
proterozoic (1.2 Ga) juvenile continental lower crust,
whereas most granitic rocks originated from partial fusion
of the older Mesoproterozoic crust with an age of 1.6–
1.5 Ga, with the exception of the Maxionggou granodiorites
with a similar origin to the dioritic porphyries.
(3) The Mesoproterozoic is the major period of crustal growth in
the area, which share similar evolutionary history to those in
the Songpan-Ganzi terrane and the Yangtze Block.
(4) A post-orogenic collapse model can reasonably explain the
Mesozoic magmatism and Cu-polymetallic mineralization
in the Yidun terrane, even across the Songpan-Ganzi terrane.Acknowledgements
We acknowledge Dr. J. Zi for his help during the ﬁeldwork and
L.-Y. Ma and Y.-F. Cai for their assistance during LA-ICP-MS dating
and zircon Hf analyses, respectively. Constructive reviews by An-
thony Reid and one anonymous reviewer are also gratefully
acknowledged. This research was supported by the Natural Science
Foundation of China (Grant Nos. 40972046, 41190070, 41172095
and 41272126) and the Chinese Academy of Sciences (GIGCX-08-
02). This is a contribution from the Guangzhou Institute of Geo-
chemistry, Chinese Academy of Sciences (GIG, CAS; No. 1772).
T. Peng et al. / Journal of Asian Earth Sciences 80 (2014) 18–33 31Appendix A. Supplementary material
Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.jseaes.2013.
10.028.
References
Anderson, T., 2002. Correction of common lead in U–Pb analyses that do not report
204Pb. Chemical Geology 192, 59–79.
Audétat, A., Pettke, T., Heinrich, C.A., Bodnar, R.J., 2008. The composition of
magmatic–hydrothermal ﬂuids in barren and mineralized intrusions. Economic
Geology 103, 877–908.
Barbarin, B., 1999. A review of the relationships between granitoid types, their
origins and their geodynamic environments. Lithos 46, 605–626.
Barrie, C.T., Hannington, M.D., 1999. Introduction: classiﬁcation of VMS deposits
based on host rock composition. In: Barrie, C.T., Hannington, M.D. (Eds.),
Volcanic-Associated Massive Sulﬁde Deposits: Processes and Examples in
Modern and Ancient Settings. Reviews in Economic Geology, vol. 8, pp. 2–10.
Bejgarn, T., Söderlund, U., Weihed, P., Årebäck, H., Ernst, R.E., 2012.
Palaeoproterozoic porphyry Cu–Au, intrusion-hosted Au and ultramaﬁc Cu–Ni
deposits in the fennoscandian shield: temporal constraints using U–Pb
geochronology. Lithos 174, 236–254.
BGMRSP, 1991. Regional Geology of Sichuan Province. Bureau of Geology and
Mineral Resources of Sichuan Province. Geological Publishing House, Beijing.
Bird, P., 1979. Continental delamination and the Colorado plateau. Journal of
Geophysical Research 84, 7561–7571.
Blichert-Toft, J., Albarede, F., 1997. The Lu–Hf geochemistry of chondrites and the
evolution of the mantle–crust system. Earth and Planetary Science Letters 148,
243–258.
Bouse, R.M., Ruiz, J., Titley, S.R., 1999. Lead isotope compositions of late cretaceous
and early tertiary igneous rocks and sulﬁde minerals in Arizona: implications
for the sourceosf plutons and metalsin porphyry copper deposits. Economic
Geology 94, 211–244.
Brandon, A.D., Draper, D.S., 1996. Constraints on the origin of the oxidation state of
mantle overlying subduction zones: an example from Simcoe, Washington,
USA. Geochimica et Cosmochimica Acta 60, 1739–1749.
Candela, P.A., Holland, H.D., 1984. The partitioning of copper and molybdenum
between silicate melts and aqueous ﬂuids. Geochimica et Cosmochimica Acta
48, 373–380.
Cao, D.H., Wang, A.J., Li, W.C., Wang, G.S., Li, R.P., Li, Y.K., 2009. Magma mixing in the
Pulang porphyry copper deposit: evidence from petrology and element
geochemistry. Acta Geologica Sinica 83, 166–175 (in Chinese with English
abstract).
Carmichael, I.S.E., 1991. The redox states of basic and silicic magmas: a reﬂection of
their source regions? Contributions to Mineralogy and Petrology 106, 129–141.
Carroll, M.R., Rutherford, M.J., 1985. Sulﬁde and sulfate saturation in hydrous
silicate melts. Journal of Geophysical Research 90, 601–612.
Chang, C., 1997. Geology and Tectonics of Qinghai–Xizang Plateau Solid Earth
Sciences Research in China. Science Press, Beijing, 153p.
Chappell, B.W., White, A.J.R., 2001. Two contrasting granite types: 25 years later.
Australian Journal of Earth Sciences 48, 489–499.
Chen, Y.L., Luo, Z.H., Liu, C., 2001. New recognition of Kangding–Mianning
metamorphic complexes from Sichuan, western Yangtze Craton: evidence
from Nd isotopic composition. Earth Sciences 26, 279–285 (in Chinese with
English abstract).
Danyushevsky, L.V., Falloon, T.J., Crawford, A.J., Tetroeva, S.A., Leslie, R.L., Verbeeten,
A., 2008. High-Mg adakites from Kadavu Island Group, Fiji, southwest Paciﬁc:
evidence for the mantle origin of adakite parental melts. Geology 36, 499–502.
Defant, M.J., Drummond, M.S., 1990. Derivation of some modern arc magmas by
melting of young subducted lithosphere. Nature 347, 662–665.
Defant, M.J., Jackson, T.E., Drummond, M.S., de Boer, J.Z., Bellon, H., Feigenson, M.D.,
Maury, R.C., Stewart, R.H., 1992. The geochemistry of young volcanism
throughout western Panama and southeastern Costa Rica: an overview.
Journal of the Geological Society 149, 569–579.
Drummond, M.S., Defant, M.J., Kepezhinskas, P.K., 1996. Petrogenesis of slab-
derived trondhjemite–tonalite–dacite/adakite magmas. Transactions, Royal
Society of Edinburgh (Earth Science) 87, 205–215.
Eby, G.N., 1992. Chemical subdivision of the A-type granitoids: petrogenetic and
tectonic implications. Geology 20, 641–644.
Greentree, M.R., Li, Z.-X., 2008. The oldest known rocks in south-western China:
SHRIMP U–Pb magmatic crystallisation age and detrital provenance analysis of
the Paleoproterozoic Dahongshan Group. Journal of Asian Earth Sciences 33,
289–302.
Greentree, M.R., Li, Z.-X., Li, X.-H., Wu, H., 2006. Late Mesoproterozoic to earliest
Neoproterozoic basin record of the Sibao orogenesis in western South China and
relationship to the assembly of Rodinia. Precambrian Research 151, 79–100.
Grifﬁn, W.L., Pearson, N.J., Elusive, E., Jackson, S.E., van Achtenberg, E., O’Reilly, S.Y.,
She, S.R., 2000. The Hf isotope composition of carbonic mantle: LAM-MC-ICPMS
analysis of zircon megacrysts in kimberlites. Geochimica et Cosmochimica Acta
64, 133–147.
Grifﬁn, W.L., Belousova, E.A., Shee, S.R., Pearson, N.J., O’Reilly, S.Y., 2004. Archean
crustal evolution in the northern Yilgam Craton: U–Pb and Hf-isotope evidence
from detrital zircons. Precambrian Research 131, 231–282.Hattori, K., Keith, J.D., 2001. Contribution of maﬁc melt to porphyry copper
mineralization: evidence from Mount Pinatubo, Philippines, and Bingham
Canyon, Utah, USA. Mineralium Deposita 26, 799–806.
Hou, Z.Q., 1993. Tectono-magmatic evolution of the Yidun island-arc and
geodynamic setting of kuroko-type sulﬁde deposits in Sanjiang region, China.
Resource Geology 17, 336–350.
Hou, Z.Q., Hou, L.W., Yie, Q.T., Liu, F.L., Tang, G.G., 1995. Tectono-Magmatic
Evolution of the Yidun Island-Arc and Volcanogenic Massive Sulﬁde
Deposits in the Sanjiang Region, S.W. China. Earthquake Press, Beijing,
185p (in Chinese).
Hou, Z.Q., Qu, X.M., Yang, Y.Q., 2001. Collision orogeny in the Yidun arc: evidence
from granites in the Sanjiang region, China. Acta Geologica Sinica 75, 484–497
(in Chinese with English abstract).
Hou, Z.Q., Yang, Y.Q., Wang, H.P., Qu, X.M., Lü, Q.T., Huang, D.H., Wu, X.Z., Tang, S.H.,
Zhao, J.H., 2003. Collision-Orogenic Progress and Mineralization System of
Yidun Arc. Geological Publishing House, Beijing, 345p. (in Chinese).
Hou, Z.Q., Gao, Y.F., Qu, X.M., Rui, Z.Y., Mo, X.X., 2004a. Origin of adakitic intrusives
generated during mid-Miocene east–west extension in southern Tibet. Earth
and Planetary Science Letters 220, 139–155.
Hou, Z.Q., Yang, Y.Q., Qu, X.M., Huang, D.H., Lü, Q.T., Wang, H.P., Yu, J.J., Tang, S.H.,
2004b. Tectonic evolution and mineralization systems of the Yidun arc orogen
in Sanjiang region, China. Acta Geologica Sinica 78, 109–119 (in Chinese with
English abstract).
Hou, Z.Q., Zaw, K., Pan, G.T., Mo, X.X., Xu, Q., Hu, Y.Z., Li, X.Z., 2007. Sanjiang Tethyan
metallogenesis in SW China: tectonic setting, metallogenic epochs and deposit
types. Ore Geology Reviews 31, 48–87.
Hou, Z.Q., Yang, Z.M., Qu, X.M., Meng, X.J., Li, Z.Q., Beaudoin, G., Rui, Z.Y., Gao, Y.F.,
2009. The Miocene Gangdese porphyry copper belt generated during post-
collisional extension in the Tibetan orogen. Ore Geology Reviews 36, 25–51.
Hou, Z.Q., Zhang, H.R., Pan, X.F., Yang, Z.M., 2011. Porphyry Cu(-Mo-.Au) deposits
related to melting of thickened maﬁc lower crust – examples from the eastern
Tethyan metallogenic domain. Ore Geology Reviews 39, 21–45.
Hu, Z.C., Liu, Y.S., Chen, L., Zhou, L., Li, M., Zong, K.Q., Zhu, L.Y., Gao, S.,
2011. Contrasting matrix induced elemental fractionation in NIST SRM
and rock glasses during laser ablation ICP-MS analysis at high spatial
resolution. Journal of Analytical Atomic Spectrometry 26, 425–430.
Kamenetsky, V.S., Kamenetsky, M.B., 2010. Magmatic ﬂuids immiscible with silicate
melts: examples from inclusions in phenocrysts and glasses, and implications
for magma evolution and metal transport. Geoﬂuids 10, 293–311.
Kay, R.W., Kay, S.M., 2002. Andean adakites: three ways to make them. Acta
Petrologica Sinica 18, 303–311.
Kay, S.M., Coira, B., Viramonte, J., 1994. Young maﬁc back arc volcanic rocks
as indicators of continental lithospheric delamination beneath the
Argentine Puna plateau, central Andes. Journal of Geophysical Research
99, 24323–24339.
Kelley, K.A., Cottrell, E., 2009. Water and the oxidation state of subduction zone
magmas. Science 325, 605–607.
Kerrich, R., Goldfarb, R., Groves, D., Garwin, S., 2000. The characteristics, origins, and
geodynamic settings of supergiant gold metallogenic provinces. Science in
China (Series D) 43, 1–68.
Leng, C.B., Zhang, X.C., Wang, S.X., Qin, C.J., Gou, T.Z., Wang, W.Q., 2008. SHRIMP
zircon U–Pb dating of the Songnuo ore-hosted porphyry, Zhongdian, Northwest
Yunnan, China and its geological implication. Geotectonica et Metallogenia 32,
124–130 (in Chinese with English abstract).
Leng, C.B., Zhang, X.C., Hu, R.Z., Wang, S.X., Zhong, H., Wang, W.Q., Bi, X.W., 2012.
Zircon U–Pb and molybdenite Re–Os geochronology and Sr–Nd–Pb–Hf isotopic
constraints on the genesis of the Xuejiping porphyry copper deposit in
Zhongdian, Northwest Yunnan, China. Journal of Asian Earth Sciences 60, 31–
48.
Levresse, G., Gonzalez-Partida, E., Carrillo-Chavez, A., Tritlla, J., Camprubi, A.,
Cheilletz, A., Gasquet, D., Deloule, E., 2004. Petrology, U/Pb dating and (C–O)
stable isotope constraints on the source and evolution of the adakite-related
Mezcala Fe–Au skarn district, Guerrero, Mexico. Mineralium Deposita 39, 301–
312.
Li, Z.X., Li, X.H., Kinny, P.D., Wang, J., 1999. The break-up of Rodinia: did it start with
a mantle plume beneath South China? Earth and Planetary Science Letters 173,
171–181.
Li, X.H., Qi, C.S., Liu, Y., Liang, X.R., Tu, X.L., Xie, L.W., Yang, Y.H., 2005. Petrogenesis
of the neoproterozoic bimodal volcanic rocks along the western margin of the
Yangtze block: new constraints from Hf isotopes and Fe/Mn ratios. China
Science Bulletin 50, 2481–2486.
Liang, H.Y., Sun, W.D., Su, W.C., Zartman, R.E., 2009. Porphyry copper-gold
mineralization at Yulong, China, promoted by decreasing redox potential
during magnetite alteration. Economic Geology 104, 587–596.
Lin, Q.C., Xia, B., Zhang, Y.Q., 2006. Zircon SHRIMP U–Pb dating of the syn-
collisional Xuejiping quartz diorite pophyrite in Zhongdian, Yunnan,
China, and its geological implications. Geological Bulletin of China 25,
133–137 (in Chinese with English abstract).
Liu, S.W., Wang, Z.Q., Yan, Q.R., Dehui, Z., Wang, J., Yang, B., Gu, L.B., Zhao, F.S., 2006.
Indosinian tectonic setting of the Southern Yidun Arc: Constraints from SHRIMP
zircon chronology and geochemistry of dioritic porphyries and granites. Acta
Geologica Sinica – English Edition 80, 387–399.
Liu, Y.S., Gao, S., Hu, Z.C., Gao, C.G., Zong, K.Q., Wang, D.B., 2010a. Continental and
oceanic crust recycling-induced melt-peridotite interactions in the Trans-North
China Orogen: U–Pb dating, Hf isotopes and trace elements in zircons from
mantle xenoliths. Journal of Petrology 51, 537–571.
32 T. Peng et al. / Journal of Asian Earth Sciences 80 (2014) 18–33Liu, Y.S., Hu, Z.C., Zong, K.Q., Zong, K.Q., Gao, C.G., Gao, S., Xu, J., Chen, H.H., 2010b.
Reappraisement and reﬁnement of zircon U–Pb isotope and trace element
analyses by LA-ICP-MS. Chinese Science Bulletin 55, 1535–1546.
Lowenstern, J.B., Sinclair, W.D., 1996. Exsolved magmatic ﬂuid and its role in the
formation of comb-layered quartz at the Cretaceous Logtung W-Mo deposit,
Yukon Territory, Canada. Transactions of the Royal Society of Edinburgh: Earth
Sciences 87, 291–303.
Lu, B.X., Wang, Z., Zhang, N.D., Duan, J.Z., 1993. Granitoid in the Sanjiang Region
(Nujiang–Lancangjiang–Jinsha Jiang Region) and Their Metallogenic
Specialization. Geological Publishing House, Beijing, pp. 1–108 (in Chinese
with English abstract).
Ludwig, K.R., 2003. Users Manual for Isoplot 3.00: A Geochronological Toolkit for
Microsoft Excel. Berkeley Geochronology Center, Special, Publication No. 4.
Mao, J.W., Zhang, Z.C., Zhang, Z.H., Du, A.D., 1999. Re–Os isotopic dating of
molybdenites in the Xiaoliugou W (Mo) deposit in the northern Qilian
mountains and its geological signiﬁcance. Geochimica et Cosmochimica Acta
63, 1815–1818.
Maughan, D.T., Keith, J.D., Christiansen, E.H., Pulsipher, T., Hattori, K., Evans, N.J.,
2002. Contributions from maﬁc alkaline magmas to the Bingham porphyry Cu–
Au–Mo deposit, Utah, USA. Mineralium Deposita 37, 14–37.
McDonough, W.F., Sun, S.S., 1995. The composition of the Earth. Chemical Geology
120, 223–253.
Mungall, J.E., 2002. Roasting the mantle: slab melting and the genesis of major Au
and Au-rich Cu deposits. Geology 30, 915–918.
Pan, G.T., Xu, Q., Hou, Z.Q., Wang, L.Q., Du, D.X., Mo, X.X., Li, D.M., Wang, M.J., LI, X.Z.,
Jiang, X.S., Hu, Y.Z., 2003. Archipelagic Orogenesis, Metallogenic Systems and
Assessment of the Mineral Resources along the Nujiang–Lancangjiang–
Jinshajiang Area in Southwestern China. Geological Publishing House, Beijing.
420p (in Chinese with English abstract).
Pang, Z.S., Du, Y.S., Wang, G.W., Guo, X., Cao, Y., Li, Q., 2009. Single-grain zircon U–Pb
isotopic ages, geochemistry and implication of the Pulang complex in Yunnan
Province, China. Acta Petrologica Sinica 25, 159–165.
Parkinson, I.J., Arculus, R.J., 1999. The redox state of subduction zones: insights from
arc-peridotites. Chemical Geology 160, 409–423.
Poitrasson, F., Duthou, J.-L., Pin, C., 1995. The relationship between petrology and
Nd isotopes as evidence for contrasting anorogenic granite genesis: example of
the Corsican Province (SE France). Journal of Petrology 36, 1251–1274.
Qu, X.M., Hou, Z.Q., Zhou, S.G., 2002. Geochemical and Nd, Sr isotopic study of the
post-orogenic granites in the Yidun arc belt of northern Sanjiang region,
southwestern China. Resource Geology 52, 163–172.
Rapp, R.P., Shimizu, N., Norman, M.D., Applegate, G.S., 1999. Reaction between slab-
derived melts and peridotite in the mantle wedge: experimental constraints at
3.8 GPa. Chemical Geology 160, 335–356.
Reich, M., Parada, M.A., Palacios, C., Dietrich, A., Schultz, F., Lehmann, B., 2003.
Adakite-like signature of Late Miocene intrusions at the Los Pelambres giant
porphyry copper deposit in the Andes of central Chile: metallogenic
implications. Mineralium Deposita 38, 876–885.
Reid, A.J., Wilson, C.J.L., Liu, S., 2005. Structural evidence for the Permo–Triassic
tectonic evolution of the Yidun Arc, eastern Tibetan Plateau. Journal of
Structural Geology 27, 119–137.
Reid, A., Wilson, C.J.L., Liu, S., Pearson, N., Belousova, E., 2007. Mesozoic plutons of
the Yidun arc, SW China: U/Pb geochronology and Hf isotopic signature. Ore
Geology Reviews 31, 88–106.
Ren, J.B., Xu, J.F., Chen, J.L., 2011. LA-ICP-MS zircon U–Pb geochronology of
porphyries in Zhongdian arc. Acta Petrologica Sinica 27, 2591–2599 (in
Chinese with English abstract).
Richards, J.P., 2005. Cumulative factors in the generation of giant calc-alkaline
porphyry Cu deposits. In: Porter, T.M. (Ed.), Super porphyry copper and gold
deposits: a global perspective: Linden Park, South Australia, Porter Geoscience.
Consulting Publishing, vol. 1, p. 7–25..
Richards, J.P., 2009. Postsubduction porphyry Cu–Au and epithermal Au deposits:
products of remelting of subduction-modiﬁed lithosphere. Geology 37, 247–
250.
Richards, J.P., Kerrich, R., 2007. Adakite-like rocks: their diverse origins and
questionable role in metallogenesis. Economic Geology 102, 537–576.
Richards, J.P., Spell, T., Rameh, E., Razique, A., Fletcher, T., 2012. High Sr/Y magmas
reﬂect arc maturity, high magmatic water content, and porphyry Cu ± Mo ± Au
potential: examples from the Tethyan Arcs of Central and Eastern Iran and
Western Pakistan. Economic Geology 107, 295–332.
Roger, F., Malavieille, J., Leloup, P.-H., Calassou, S., Xu, Z., 2004. Timing of granite
emplacement and cooling in the Songpan–Ganzi fold belt (eastern Tibetan
plateau) with tectonic implications. Journal of Asian Earth Sciences 22, 465–
481.
Roger, F., Jolivet, M., Malavieille, J., 2008. Tectonic evolution of the Triassic fold belts
of Tibet. Comptes Rendus Geosciences 340, 180–189.
Roger, F., Jolivet, M., Malavieille, J., 2010. The tectonic evolution of the Songpan
Ganzi (North Tibet) and adjacent areas from proterozoic to present: a synthesis.
Journal of Asian Earth Sciences 39, 254–269.
Rudnick, R.L., Gao, S., 2003. Composition of the continental crust. In: Heinrich, D.H.,
Turekian, K.K. (Eds.), Treatise on Geochemistry. Pergamon, vol. 3, Oxford, p. 1–
64.
Sacks, P.E., Secor, D.T., 1990. Delamination in collisional orogens. Geology 18, 999–
1002.
Sajona, F.G., Maury, R.C., 1998. Association of adakites with gold and copper
mineralization in the Philippines. Comptes Rendus de l’Académie des Sciences –
Series IIA – Earth and Planetary Science 326, 27–34.SCBGMR (Bureau of Geology and Mineral Resources of Sichuan Province, 1981),
1:200,000 Sichuan Geological Map Series, including: Yidun Sheet (H-47-XVI),
Changtai (H-47-X), Ganzi (H-47-IV), Litang Sheet (H-47-XXIII), Daocheng (H-
47-XXIX), Bomi (H-47-XXII), Heni (H-47-XVII) and Derong (H-47-XXVIII).
Schmitt, A.K., Emmermann, R., Trumbull, R.B., Buhn, B., Henjes-Kunst, F., 2000.
Petrogenesis and 40Ar/39Ar geochronology of the Brandberg Complex, Namibia:
evidence for a major mantle contribution in metaluminous and peralkaline
granites. Journal of Petrology 41, 1207–1239.
Shellnutt, J.G., Jahn, B.M., Zhou, M.F., 2011. Crustally-derived granites in the
Panzhihua region, SW China: implications for felsic magmatism in the
Emeishan large igneous province. Lithos 123, 145–157.
Sillitoe, R.H., 1977. Metallic mineralization afﬁliated to subaerial volcanism.
Geological Society [London] Special Publication 7, 99–116.
Sillitoe, R.H., 1997. Characteristics and controls of the largest porphyry copper-gold
and epithermal gold deposits in the circum-Paciﬁc region. Australian Journal of
Earth Sciences 44, 373–388.
Sillitoe, R.H., 2010. Porphyry copper systems. Economic Geology 105, 3–41.
Steiger, R.H., Jäger, E., 1977. Subcommission on geochronology: convention on the
use of decay constants in geo- and cosmochronology. Earth and Planetary
Science Letters 36, 359–362.
Stel, H., Cloetingh, S., Heeremans, M., van der Beek, P., 1993. Anorogenic granites,
magmatic underplating and the origin of intracratonic basins in a non-
extensional setting. Tectonophysics 226, 285–299.
Sun, W.D., Bennett, V.C., Eggins, S.M., Arculus, R.J., Perﬁt, M.R., 2003. Rhenium
systematics in submarine MORB and back-arc basin glasses: laser ablation ICP–
MS results. Chemical Geology 196, 259–281.
Sun, W.D., Arculus, R.J., Kamenetsky, V.S., Binns, R.A., 2004. Release of gold-bearing
ﬂuids in convergent margin magmas prompted by magnetite crystallization.
Nature 431, 975–978.
Sun, W.D., Ding, X., Hu, Y.H., Li, X.H., 2007. The golden transformation of the
Cretaceous plate subduction in the west Paciﬁc. Earth and Planetary Science
Letters 262, 533–542.
Sun, W.D., Zhang, H., Ling, M.X., Ding, X., Chung, S.L., Zhou, J., Yang, X.Y., Fan, W.,
2011. The genetic association of adakites and Cu–Au ore deposits. International
Geology Review 53, 691–703.
Sun, W.D., Ling, M.X., Chung, S.L., Ding, X., Yang, X.Y., Liang, H.Y., Fan, W.M.,
Goldfarb, R., Yin, Q.Z., 2012. Geochemical constraints on adakites of different
origins and copper mineralization. The Journal of Geology 120, 105–120.
Vervoort, J.D., Blichert-Toft, J., 1999. Evolution of the depleted mantle; Hf isotope
evidence from juvenile rocks through time. Geochimica et Cosmochimica Acta
63, 533–556.
Wang, X., Metcalfe, I., Jian, P., He, L., Wang, C., 2000. The Jinshajiang–Ailaoshan
suture zone, China: tectonostratigraphy, age and evolution. Journal of Asian
Earth Sciences 18, 675–690.
Wang, L.Q., L, D.M., Guan, S.P., Xu, T.R., 2001. The evolution of the Luchun–
Hongponiuchang superimposed rifting basin, Deqin County, Yunan Province.
Journal of Mineral Petrology 21, 81–89 (in Chinese with English abstract).
Wang, L.Q., Li, D.M., Guan, S.P., 2002. The Rb-Sr age determinations of the ‘bi-model’
volcanic rocks in the Luchun–Hongponiuchang superimposed rift basin, Deqin,
Yunnan. Sedimentary Geology and Tethyan Geology 22, 65–71 (in Chinese with
English abstract).
Wang, Q., Xu, J.F., Jian, P., Bao, Z.W., Zhao, Z.H., Li, C.F., Xiong, X.L., Ma, J.L., 2006.
Petrogenesis of adakitic porphyries in an extensional tectonic setting, Dexing,
South China: implications for the genesis of porphyry copper mineralization.
Journal of Petrology 47, 119–144.
Wang, S.X., Zhang, X.C., Leng, C.B., Qin, C.J., Ma, D.Y., Wang, W.Q., 2008. Zircon
SHRIMP U–Pb dating of the Pulang porphyry copper deposit, northwestern
Yunnan, China: the ore-forming time limitation and geological signiﬁcance.
Acta Petrologica Sinica 24, 2313–2321 (in Chinese with English abstract).
Wang, B.Q., Zhou, M.F., Li, J.W., Yan, D.P., 2011. Late Triassic porphyritic intrusions
and associated volcanic rocks from the Shangri-La region, Yidun terrane,
Eastern Tibetan Plateau: adakitic magmatism and porphyry copper
mineralization. Lithos 127, 24–38.
Weislogel, A.L., 2008. Tectonostratigraphic and geochronologic constraints on
evolution of the northeast Paleotethys from the Songpan–Ganzi complex,
central China. Tectonophysics 451, 331–345.
Wu, M.D., Duan, J.S., Song, X.L., Chen, L., Dan, Y., 1990. Geology of Kunyang Group in
Yunnan Province. Scientiﬁc Press of Yunnan Province, Kunming, 265p (in
Chinese with English abstract).
Xia, X.P., Sun, M., Zhao, G.C., Wang, Y.J., 2011. Quasi-simultaneous determination of
U–Pb and Hf isotope compositions of zircon by excimer laser-ablation multiple-
collector ICPMS. Journal of Analytical Atomic Spectrometry 26, 1868–1871.
Xiao, L., Zhang, H.F., Clemens, J.D., Wang, Q.W., Kan, Z.Z., Wang, K.M., Ni, P.Z., Liu,
X.M., 2007. Late Triassic granitoids of the eastern margin of the Tibetan Plateau:
geochronology, petrogenesis and implications for tectonic evolution. Lithos 96,
436–452.
Xu, J.F., Shinjo, R., Defant, M.J., Wang, Q., Rapp, R.P., 2002. Origin of Mesozoic
adakitic intrusive rocks in the Ningzhen area of east China: partial melting of
delaminated lower continental crust? Geology 30, 1111–1114.
Yan, Q.R., Wang, Z.Q., Liu, S.W., Li, Q.G., Zhang, H.Y., Wang, T., Liu, D.Y., Jian, P.,
Wang, J.G., Zhang, D.H., Zhao, J., 2005. Opening of the Tethys in southwest China
and its signiﬁcance to the breakup of East Gondwanaland in late Paleozoic:
Evidence from SHRIMP U–Pb zircon analyses for the Ganzi ophiolite block.
Chinese Science Bulletin 50, 256–264.
Yuan, C., Zhou, M.F., Sun, M., Zhao, Y.J., Wilde, A.S., Long, X.P., Yan, D.P., 2010.
Triassic granitoids in the eastern Songpan Ganzi Fold Belt, SW China: magmatic
T. Peng et al. / Journal of Asian Earth Sciences 80 (2014) 18–33 33response to geodynamics of the deep lithosphere. Earth and Planetary Science
Letters 290, 481–492.
Zeng, P.S., Li, W.C., Wang, H.P., Li, H., 2006. The Indosinian Pulang super large
porphyry copper deposit in Yunnan, China: petrology and chronology. Acta
Petrologica Sinica 22, 990–1000 (in Chinese with English abstract).
Zhang, H.F., Zhang, L., Harris, N., Jin, L.L., Yuan, H.L., 2006. U–Pb zircon ages,
geochemical and isotopic compositions of granitoids in Songpan-Garze fold
belt, eastern Tibetan Plateau: constraints on petrogenesis and tectonic
evolution of the basement. Contributions to Mineralogy and Petrology 152,
75–88.
Zhang, H.F., Parrish, R., Zhang, L., Xu, W.C., Yuan, H.L., Gao, S., Crowley, Q.G., 2007. A-
type granite and adakitic magmatism association in Songpan-Ganzi fold belt,
eastern Tibetan Plateau: implication for lithospheric delamination. Lithos 97,
323–335.
Zhang, X.C., Leng, C.B., Yang, C.Z., Wang, W.Q., Qin, C.J., 2009. The SIMS U-Pb zircon
age and its geological signiﬁcance of porphyry copper ore-bearing porphyry of
Chundou area in Northwest Yunnan, China. Acta Mineralogica Sinica 29
(Suppl.), 359–360 (in Chinese).
Zhao, Y.J., 2007. Mesozoic Granitoids in Eastern Songpan-Ganzi: Geochemistry,
Petrogenesis and Tectonic Implications (in Chinese). Dissertation for the
Doctoral Degree. Guangzhou Institute of Geochemistry, Chinese Academy of
Sciences, Guangzhou, pp. 1–101.
Zhao, G.C., Cawood, P.A., 2012. Precambrian Geology of China. Precambrian
Research 222–223, 13–54.Zhao, G.C., Guo, J.H., 2012. Precambrian Geology of China: preface. Precambrian
Research 222–223, 1–12.
Zhao, J.H., Zhou, M.F., Yan, D.P., Yang, Y.H., Sun, M., 2008. Zircon Lu–Hf isotopic
constraints on neoproterozoic subduction-related crustal growth along the
western margin of the Yangtze Block, South China. Precambrian Research 163,
189–209.
Zhao, X.F., Zhou, M.F., Li, J.W., Sun, M., Gao, J.F., Sun, W.H., Yang, J.H., 2010. Late
Paleoproterozoic to early Mesoproterozoic Dongchuan Group in Yunnan, SW
China: implications for tectonic evolution of the Yangtze block. Precambrian
Research 182, 57–69.
Zheng, Y.F., Xiao, W.J., Zhao, G.C., 2013. Introduction to tectonics of China.
Gondwana Research 23, 1189–1206.
Zhou, D., Graham, S.A., 1996. Songpan-Ganzi complex of the west Qinling Shan as a
Triassic remnant ocean basin. In: Yin, A., Harrison, T.M. (Eds.), The tectonic
evolution of Asia: Cambridge. Cambridge University Press, Rubey IX, UK, pp.
281–299.
Zhou, M.F., Yan, D.P., Kennedy, A.K., Li, Y., Ding, J., 2002. SHRIMP U–Pb zircon
geochronological and geochemical evidence for Neoproterozoic arc-magmatism
along the western margin of the Yangtze Block, south China. Earth and
Planetary Science Letters 196, 51–67.
Zorin, Y.A., Zorina, L.D., Spiridonov, A.M., Rutshtein, I.G., 2001. Geodynamic setting
of gold deposits in Eastern and Central Trans-Baikal (China region, Russia). Ore
Geology Reviews 17, 215–232.
